For the Japan Sodium-cooled Fast Reactor, an experimental study on the fluctuating pressure of the hot legs was carried out with tests using a 1/3-scale model. The total resistance coefficient is consistent with the published data, and our research has given some additional data up to the Reynolds number of 8.0x10 6 . The flow pattern in the postcritical regime is independent of a Reynolds number. The statistical examination revealed that fluctuating pressures on the pipe wall depend on the mean velocity but not on the viscosity of the fluid. Negative spikes of pressure appeared for high velocity. Based on these experimental data it is concluded that, there are similarity laws for the scale of a model and the property of fluid, but not for the velocity in the pipe. Theoretical considerations also gave a discussion how to extrapolate the fluctuating pressure to the actual hot-leg conditions.
Introduction
A conceptual design study of the Japan Sodium-cooled Fast Reactor (JSFR) is in progress in "Fast Reactor Cycle Technology Development (FaCT) project (1) ." The cooling system of the reactor is composed of two loops in order to economize the plant construction cost. Due to reducing the number of loops, large-diameter piping is adopted in the primary cooling system, and mean sodium velocity in the pipes increases to over 9 m/s. Figure 1 shows the configuration of the primary cooling system of JSFR. One of the issues for the piping design is to understand the behavior of flow-induced vibration that is caused by the hydraulic characteristics at high Reynolds number. We made a flow-induced vibration test facility that simulates the hot-leg piping with a 1/3-scale model to investigate flow patterns in it and fluctuating pressures on the pipe wall. The facility and major results of the tests are the actual hot legs from the experimental data, we investigated the characteristics of statistical values of fluctuating pressures and examined the way of the extrapolation. Fig. 1 The configuration of the primary cooling system of the JSFR. NsL is the nominal sodium level in the reactor vessel. Reprinted with the courtesy of ASME (2) . Figure 2 shows the model of the hot leg pipe with inner diameter of D=412.7mm. Totally 124 pressure transducers are flush-mounted on the inner wall of the pipe in the sections from A to L. Every measuring point is indicated with an index such as A180˚ for the measuring point at the circumferential angle of 180˚ in Section A. The pressure drop of the hot-leg pipe from the rectifying tank to Section L was measured. Reprinted with the courtesy of ASME (2) .
Test Results

Total Resistance Coefficient
Since energy of turbulence is supplied from main flow, total energy flux to turbulence can be evaluated with pressure resistance coefficient, ζ. Selected data of resistance coefficients of bends with short pipes are published for Reynolds numbers up to 3.6x10 5 by
I. E. Idelchik (3) . Resistance coefficients of an elbow are comparable to those of a bend. He defined the pressure resistance coefficient, ζ tot , as the total pressure drop including the dynamic pressure losses at the exit from the bend into the atmosphere divided by the
dynamic pressure. In our case, the total pressure drop is P in -P out where P in is the total pressure in the rectifying tank in which the dynamic pressure is negligible, and P out the mean static pressure in Section L. The dynamic pressure is ρU 2 /2 where ρ is the density of fluid and U the mean velocity in the pipe. We, hence, follow his definition in this paper as:
The surface roughness of the hot leg, ∆, is estimated to be about 50µm for commercial pipes, so the relative roughness of the hot leg will be ∆ =∆/D=4x10 -5 . The measured mean surface roughness of the acrylic-resin pipe was 0.05µm, so the relative roughness of the model elbow was ∆ =1.2x10 -7 . Figure 3 shows (a) previously published data of a bend for ∆ =3x10 -5 after I. E. Idelchik (3) , (b) the converted data of Data (a) for the hot-leg configuration, and (c) the present data of the model elbow at room temperature (O: circle) and at 333 K (∆: triangle). Idelchik explained that the phenomenon in a bend installed close to a smooth entrance is similar to that observed for a flow around a cylinder or a sphere. The pressure resistance coefficients are divided into three regimes: the subcritical (Re<1x10 , (b) converted data from (a) for the hot-leg dimension, (c) present data of 1/3-scale hot leg model, (d) resistance coefficient of elbow only from (c), and (e) extrapolation using Colebrook & White's formula (4) . Reprinted with the courtesy of ASME (2) . The present data give the resistance coefficient of the acrylic-resin elbow for Reynolds numbers up to 3.7x10 6 at room temperature (O) and 8.0x10 6 at 333 K (∆). The acrylic-resin pipe with ∆ = 1.21x10 -7 is hydraulically smooth for a Reynolds number less than 1.8x10 9 that covers all the present data, evaluated with the resistance formula cited by Schlichting (4) .
The resistance coefficient has a tendency to decrease to a constant value of about ζ tot =1.38, according to the higher Reynolds data (∆) in the postcritical regime. It means that not friction but form resistance of a bend is dominant for the higher Reynolds numbers. The
resistance coefficient of the simple elbow is the curve (d) calculated from the present data using Prandtl's universal law of friction for smooth pipes and becomes almost constant for a Reynolds number larger than 10
6
. The resistance formula tells the hot leg with ∆ = 4x10 -5 is hydraulically smooth for a Reynolds number less than 3.6x10 6 and in the transition region of friction for a Reynolds number from 3.6x10 6 to 4.9x10 7 . The plant operating condition of the JSFR, Re = 4.2x10 7 , is in the latter region. Using Colebrook & White's formula (4) to evaluate the friction in the transition region, the plant operating condition was extrapolated from the present data as the curve (e). Consequently, the extrapolated value of the total resistance coefficient is tot ζ =1.40 for the plant operating condition.
Similarity of Flow Pattern and Fluctuating Pressures
We observed the flow patterns in the model pipe with the ink-injection method for mean velocities of 0.8, 3.0, 7.0 and 9.2 m/s. Figure 4 (a) schematically shows local flow directions by arrows, and the size and the location of flow separation for the mean velocity of 9.2 m/s at room temperature. The flow patterns for mean velocity from 0.8 to 7.0 m/s were very similar to that for 9.2 m/s, including the flow separation and the reattachment. Therefore, we can conclude the flow pattern in the hot leg is independent of the Reynolds number in the postcritical regime. These results of the observation were quantitatively confirmed by the velocity distributions along the horizontal centerline in Section I and the vertical centerlines in Sections II, III and IV (2) . Consequently, the dimensionless velocity distribution is also independent of the Reynolds number in the postcritical regime. Figure 4 (b) shows some examples of fluctuating pressures on the pipe wall for mean velocities of 3.05 and 9.28m/s at room temperature are shown. The data at A180˚ for both mean velocities U=3.05 and 9.28 m/s tell that the turbulence from the rectifying tank was small because of its good rectification. It is clear that there are some strong negative spikes and many relatively-small negative spikes in the region of flow separation and its vicinity for high velocity, 9.28m/s, while there are a few negative spikes for low velocity, 3.05m/s. 
Statistical Characteristics of Fluctuating Pressures
Complex Fourier transformation of pressure fluctuation ( )
at mean velocity U consists of frequency ω and amplitude ( ) ω C as its characteristic quantities (5) .
( ) 
In order to quantitatively evaluate probability densities, standard deviation, skewness and kurtosis are measured as shown in Figures 8 and 9 . The dimensional analysis will be helpful in finding the analogy of the characteristics of fluctuating pressure, so that standard deviation is divided by dynamic pressure to yield dimensionless standard deviation. Figure 5 shows the fluctuating pressures at same points as shown in Figure 4 . The measuring speed of fluctuating pressures was 5000Hz, and the measuring time was 10min for room temperature and 3min for 333K, based on the confirmation that both 10min and 3min yield same power spectra. The power spectra for low frequency are small for 3.05m/s, while they are large for 9.28m/s at room temperature. It means they depend on velocity. At the start of 333K tests, we experienced some flaws in the acrylic-resin pipe due to its thermal expansion, and were forced to modify the supports of the pipe. The modification affects power spectra of about 4Hz at A180˚, D180˚ and H180˚, but the power spectra are similar to each other at E180˚ and F180˚ respectively for velocity of about 9.2m/s. If the effects of the modification of the supports are excluded in Figure 5 , the power spectra are also similar to each other at D180˚ and H180˚ respectively for the velocity of about 9.2m/s. Consequently, the power spectra are independent of fluid viscosity in the region of flow separation and its reattachment. Note the maximum value of the ordinates are 1 kPa 2 in the figures of E180˚ and F180˚ for 333K, while the others 0.1 kPa 2 . Figure 6 shows the probability density distributions at the same points as shown in Figure 4 . The fluctuating pressures for 3.05m/s and at A180˚ for 9.28m/s are so small that they came close to the minimum resolution of the pressure transducers which is from 0.258 to 0.288kPa, and the probability densities have rugged distributions. The coordinates are auto-scaled so that one can easily observe how big the negative spikes are in each chart. Hence, we see wider negative feet for velocity of 9.28m/s than those for 3.05m/s. Standard deviation, σ, skewness, S, and kurtosis, K, are defined (6) as: where ∆p i is fluctuating pressure, and n=3000001 for 10 minutes and 900001 for 3 minutes with sampling speed of 5kHz. Standard deviation, σ, skewness, S, and kurtosis, K,quantitatively represent the magnitude, asymmetry and flatness of probability density distribution of fluctuating pressure respectively. Flow going away from a wall makes S negative. Force acting on flow from a wall makes K positive. Both S and K for velocity 3.05m/s are small in magnitudes, while those for 9.28m/s are large as shown in Figure 6 . They show that fluctuating pressures in the flow separation and the downstream depend on mean velocity. Although there are negative spikes at E180, the skewness is positive. There must be a cause to determine the skewness other than strong negative spikes that are dispersed. The cause will be discussed in Figure 10 . We then need to know the dependency of the characteristics of turbulent flow on Reynolds number. Figure 7 shows the power spectra of fluctuating pressure at D120˚ to D210˚ near the boundary of flow separation for the mean velocities of 3.05m/s and about 9.2m/s. The peaks at frequencies about 50 and 70Hz seem to commonly exist for all the mean velocities. These peaks, therefore, must be coming from the structure of the model and not from the flow. There is a peak with frequency of 3.3Hz at the boundaries of flow separation, D150˚ and D210˚ for 3.05m/s that yields Strouhal number of 0.44. There are some deformations of the power spectra due to the modification of the supports at 333K. But there are distinct peaks at the frequency of 10Hz at the boundary of the separation, D150˚ and D210˚, both at room temperature and at 333K that also yields Strouhal number of 0.44. The peak corresponding to it is not clearly seen at D180˚ in the flow separation. The peaks are the largest at D150˚ and D210˚ among all at the measuring points in Section D. The maximum value of the ordinates are 1 kPa 2 in the figures of D150˚ and D210˚ for 333K, while the others 0.1 kPa 2 . With the observation of flow near the separation we concluded this frequency, 10Hz, is characterized by the vortex shedding from the flow separation (2) . Figure 7 means that there is vortex shedding from the flow separation for 333K similar to that for room temperature, too. In other words the vortex shedding from the flow separation is independent of viscosity of fluid. Figure 9 shows the dependency of the statistic values on the mean velocity in the pipe. The dotted lines agree with the solid and broken ones on the whole in these charts. The overall tendencies of these quantities shown in this figure are common in both for room temperature and 333k, even though some data at Sections D to H have variations. These variations are due to steep gradients in space shown in Figure 10 and hard to be modified. Therefore, Figures 8 and 9 should be used for examination of dependency of the data on Reynolds number and absolute velocity, and Figure 10 for spatial distributions.
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Consequently, these statistical values are functions of a mean velocity in the pipe, but independent of viscosity of fluid. That is because the size of the fluctuation is the order of 50mm from the observation of the flow separation, which is about 1000 time Kolmogorov's microscale of the flow, 57µm (2) . Reprinted with the courtesy of ASME (2) flow reattachment caused by the rebound of reattaching flow off the wall. The rebound does not generate turbulence so that there is no peak of intensity in Figure 10 (a). Since negative spikes of fluctuating pressures exist over the area of flow separation, reattachment and their downstream as shown in Figure 5 , the cause of negative spikes must be in the main flow outside the separation. But the negative spikes do not correlate to each other as shown in Figure 5 , so the cause shall be locally determined. Figure 10 (c) shows the maximum kurtosis in the region of flow separation and a maximal kurtosis downstream from the flow reattachment. There are negative kurtoses on both sides of the boundary of flow separation where fluctuating pressure with frequency of 10 Hz is observed for the mean velocity of 9.28m/s relating to the organized movements of vortex shedding from the flow separation.
Theoretical Considerations
Dependency on Absolute Velocity
The dimensionless form of the equation of continuity gives unconditional similarity. Navier-Stokes Equation can be rewritten for incompressible flow without body force (3) is ( )
time, ρ the density, p pressure and ν the kinetic viscosity of fluid.
Equation (4) indicates that the fluid density, ρ, can be included in pressure, p, so that dimensionless pressure,
, is common for water and sodium. Hence, it is manifest from Equation (4) that the fluid property will affect flow in the pipe only through a Reynolds number, Re. Using Gauss-Ostrogradskii divergence theorem, integration of Equation (4) and some modifications yield dimensionless pressure at an arbitrary point as ( ) ( . The last term in the brackets on the right hand side of Equation (5) is the boundary condition.
Our test results showed that the viscosity of fluid less affects to fluctuating pressure in the postcritical regime, and mean velocity does. Consequently, Reynolds number is not the main parameter, and dimensionless pressure,
, is determined only by dimensionless velocity, u * , providing similar boundary conditions are given. Since the total resistance coefficient in the postcritical regime is constant, turbulence energy generated per unit volume is proportional to the dynamic pressure, 2 2 U ρ . So, if the distribution of the spectral density of fluctuating pressure with respect to frequency is similar to that at any arbitral mean velocity, U, the quantities that come from the distribution of the fluctuating pressure such as dimensionless standard deviation (= standard deviation/kinetic pressure), skewness and kurtosis are independent of mean velocity, U, and there is a dimensionless group such as an initial Strouhal number that characterizes the frequencies of large eddies for which turbulence energy is supplied. But the experimental data indicate that these quantities remain as functions of U. The spectral density consists of both kinds of frequencies depending on and independent of mean velocity, U, as shown in Figure 11 . The peaks, A and B, have the same Strouhal number, St=0.44. The overall distribution of the spectra at U=3.05m/s is same as that at U=9.28m/s, but the magnitude reduces to about 1/9 time that at U=9.28m/s. Some peaks of frequencies have constant Strouhal numbers for different velocities, and others don't. Therefore, to simulate both frequencies depending on and independent of mean velocity, U, at the same time the prototypic velocity must be used. Hence, the quantities such as dimensionless standard deviation, skewness and kurtosis also depend on mean velocity, U. It is obvious that the frequencies with constant Strouhal numbers are made by flow. One of the causes of frequencies independent of the mean velocity may be the boundary condition of the pipe wall that is given by the last term in the brackets on the right hand side of Equation (5). But another cause may be middle scale eddies that is far from both the large eddies characterized by the Lagrangean integral scale and the small eddies characterized by the Kolmogorov's micro scale. It is expected to study the dependency of frequencies of fluctuating pressures on mean velocity of the pipe in detail. Is it possible to control or reduce the fluctuation by some device? The experimental results mentioned above indicate the major origin of the fluctuation is the instability of the boundary of the flow separation. A guide vane as suggested to lessen flow resistance in the elbow in Reference (3) , therefore, will be useful to suppress the boundary of the flow separation and reduce the fluctuation. However, a guide vane can be hardly placed in the actual hot-leg because of the risk that it might turn into loose parts.
Extrapolation to Actual Hot Leg 3.2.1 Separation in the Elbow
I. E. Idelchik explained that the phenomenon in a bend installed close to a smooth entrance is similar to that observed for a flow around a cylinder or a sphere (3) . The flow around a circular cylinder in the postcritical regime is characterized by turbulent separation with turbulent vortex streets (8) . As Reynolds number becomes large, the turbulent boundary layer on the wall grows upstream to the stagnation point and the separation is kept turbulent. Flow separation occurs in a pressure recovery region, and will not go upstream across the point of minimum pressure, or maximum velocity, on the wall. Consequently, the separation point becomes to be stabilized at certain location on the wall to yield a configuration of separation that is independent of a Reynolds number, and gives a constant flow resistance coefficient. It was supported by our data to be true up to Re=0.8x10 7 , so must be true further to the actual hot-leg conditions at Re=4.2x10 7 .
Similarity
Since flow is a boundary value problem, analogy of incompressible flow in a model with that in an actual hot leg must satisfy the following three items; a) Governing Equations: (1) The similarity of the governing equations, Item a), has been given in Section 3.1, and concluded to be determined only by a Reynolds number. In the postcritical regime the effect of a Reynolds number may be negligible. Consequently, there is unconditional similarity for the governing equations in the postcritical regime, using dimensionless variables.
The similarity of boundary conditions is as follows: The model is made to have the configuration similar to that of the prototype, so (3) similarity of solid boundaries is satisfied. The surface roughness used in the experiment may not be similar to that of the prototype. But the effect of their difference may be small because of a constant resistance coefficient in the postcritical regime. The inlet conditions of the model are not similar to those of the prototype, because the turbulent flow in the upper plenum of the reactor vessel enters into the actual hot leg, while a controlled flow into the model pipe. The similarity of inlet conditions (4) is not satisfied. Therefore, we have to give inlet conditions to the model tests for ensuring predictability of pressure fluctuations, and experimentally assess fluid force on the hot leg. Outlet conditions can affect upstream only by pressure propagation which will simultaneously affect the whole pipe far from long distance, and (5) simulation of outlet conditions may be no problem for random vibration.
For assessment of fluid force on the hot leg, power spectra of fluctuating pressure should be taken into consideration. If the Navier-Stokes equations go through spectral resolution, the closure problem may arise. Hence, the similarity of turbulent characteristics can be deduced not from theoretical considerations, but from experimental examinations. Item c) the statistical values have to be examined using experimental data for this purpose.
Vol. 4, No. 2, 2009 In order to extrapolate the fluctuating pressures taken by experiments to those of the actual hot leg, the best way will be to get the data under the following conditions: i) actual size of the model, ii) actual fluid, and iii) actual flow velocity.
Because an experiment with the actual-size model is not practical, a scaled model should be adopted. The endorsement of adoption of a scaled model is that the dimensionless forms of the equation of continuity and Navier-Stokes equations are applicable both for a model and the actual hot leg in common. Furthermore, Equation (4) allows us to use water in place of sodium by converting fluctuating pressures through an Euler number, 2 U p ρ . The parameter to be considered in Equation (4) is a Reynolds number. But as previously discussed, Reynolds number will not affect the flow in the postcritical regime. Therefore, the only parameter left is the flow velocity. From the examination shown in detail in Section 2.3, the statistical values such as standard deviation, skewness and kurtosis are dependent on the mean velocity in the pipe. Consequently, Item iii) actual flow velocity cannot be modified, and must be adopted to extrapolate the fluctuating pressures to the actual hot-leg conditions. J. Min et al. experienced similar experimental results and recently reported that the normalized mean flow properties of a turbulent round jet from smooth contraction depend primarily on the exit velocity, rather than the Reynolds number (9) .
Conclusions
The total resistance coefficient of a short-radius elbow with short straight pipes simulating the hot legs of JSFR has been experimentally presented up to Re=8.0x10 6 . The flow pattern in the postcritical regime is independent of Reynolds number. Fluctuating pressures were found to depend on the mean velocity in the pipe, and to be independent of viscosity. Negative spikes of pressure appeared for high velocity. The cause to regulate skewness of fluctuating pressures was not the negative spikes but the structure of the flow separation and reattachment. The statistical values of fluctuating pressures depended on the mean velocity but not on viscosity of fluid in the postcritical regime. Consequently, there are similarity laws for the scale of the model and the property of fluid, but not for the velocity in the pipe. Therefore it was deduced through the theoretical considerations that the model tests must be carried out with the actual flow velocity. For prediction of pressure fluctuation characteristics of the prototype hot-legs, further study is needed on the effects of inlet conditions and middle-scale eddies of turbulence.
